In this paper we intend to design a reduced ultrawideband band-pass filter using new models of coupled transmission lines. In this paper, by providing a new model of resonators, the bandwidth of band-pass filters (which are among the most crucial elements in communication systems) will be moderately increased, while their size and volume decreases. According to the change of their equations and consequent changes in basic parameters of these models, optimization and dependency among these parameters and also the frequency response of these filters will be developed to utilize notches in the pass-band, and a reduced ultrawideband band-pass filter with notch will be designed and analyzed.
Introduction
In this paper, before presenting new models of coupled transmission lines it is necessary to present and analyze the general method of designing band-pass filters. According to the general method of designing band-pass filters in [1] , using the template of integrated elements, first a low-pass filter is designed and then the equivalent band-pass filter that uses coupled transmission lines will be designed and analyzed. Figure 1 shows a primary example of a low-pass filter [1] . In order to acquire the parameters and integrated elements of a band-pass filter at the resonance frequency w 0 based on the parameters and integrated elements of a low-pass filter according to its parallel or serial structure, two different parameters will be defined. One of the parameters, which is defined at the central resonance frequency of the filter, is the slope parameter. For any serial resonator the reactance slope parameter is defined by Eq. (1) [1] .
In Eq. (1), X is the reactance of the resonator.
Similar to this parameter, for a parallel resonator the susceptance slope parameter is defined by Eq. (2) [1] .
In Eq. (2), B is the parallel resonator's susceptance. After designing the low-pass filter and determining the integrated elements used in its circuit model, the circuit model of the band-pass filter can be obtained using the primary template. As can be observed in Figure 2 , in the circuit model of the band-pass filter derived from the primary template of the low-pass filter, parallel and serial resonators have been used. In order to calculate the values of the integrated elements in the parallel and serial resonators, the circuit model of the band-pass filter that has been designed based on the values of the integrated elements used in the primary template of a low-pass filter, the reactance, and susceptance slope parameters are used. The equations that present the relations between the integrated elements of the band-pass and low-pass filters for parallel and serial resonators are as follows:
In Eqs. (3) and (4), W is the relative bandwidth and w 0 is the central resonance frequency for the band-pass filter.
Multiple-mode resonators (MMRs) and stepped-impedance resonators (SIRs) are two of the most used resonators in the design of broadband band-pass filters. The new model proposed in this study is an improved model of these two resonators.
The main frequency and the frequencies created by the harmonics of the resonances of higher frequencies are used in the creation of stop-band in ultrawide bandwidths. Eqs. (5) and (6) present these frequencies.
In these equations, θ 01 and θ 02 are the corresponding phase shifts resulting at the notch frequencies along the lambda length in the band-stop filter of a MMR and the parameters K 1 and K 2 are the impedance ratios of different parts of the resonator.
In the design of the proposed filter and with an accurate mathematical analysis, the relations of main and higher frequencies with K parameters were studied, and thus the location of the stop-band within the ultrawide bandwidth will be determined in order to be able to optionally adjust the stop-band.
Broadband band-pass filters in recent studies
The two band-pass filters that will be studied in this paper are from the most recent research done in the past few years. One of them has been designed using SIRs and the other has been designed using MMRs. It must be noted that the greatest deficiency of these two filters is the lack of a notch.
Three-section MMR
Some of the most important resonators that have gained the attention of designers of passive microwave elements are MMRs, and many band-pass filters have been designed based on these resonators [2] [3] [4] [5] [6] . Figure 3 shows the structure of a MMR, which is the main resonator used in the design of such broadband filters. In the next step, based on the MMR presented in Figure 3 , a broadband band-pass filter that has been designed and proposed will be simulated. Figure 4 shows the structure of this band-pass filter designed based on the MMR. As can be observed from the structure of the band-pass filter presented in Figure 4 , the presented filter includes one MMR and two coupling sections where the length of the coupling lines is equal to the two lateral sections of the filter. Similarly to the band-pass filter designed using SIRs in the next section, the structure of the filter presented in Figure 4 will first be implemented in the S-parameters workspace.
After implementing the structure of this filter, all of its parameters will be selected in order to have an acceptable frequency response in the ADS software based on the values given in Table 1 . Table 1 . Optimized values of the given broadband band-pass filter. After selecting the optimized values for the parameters of the designed filter, its structure will be taken to the workspace of the program. Figure 5 shows the structure of this broadband band-pass filter designed using a MMR in the workspace of the ADS program. After implementing the filter, the structure of this filter is implemented on a substrate with a thickness of 0.508 mm and dielectric constant of 2.2 and the frequency response is simulated in the range of 0-16 GHz. Figure 6 shows the simulated frequency response of the broadband band-pass filter designed using a MMR in the workspace of ADS versus return losses (S 11 ) and insertion losses (S 21 ) in a range of 0-16 GHz.
Two-section SIR
Another important resonator that has been studied by designers of passive microwave elements is the SIR [7] [8] [9] .
The broadband band-pass filter designed in [7] is chosen. Figure 7 shows the structure of the asymmetric two-section SIR used in this reference. Figure 8 shows the structure and model of the broadband band-pass filter presented in [7] . In [7] and based on the structure presented in Figure 8 , a broadband band-pass filter has been designed, analyzed, and built. The structure of this filter has been implemented on a Duroid 5880 substrate with a thickness of 0.787 mm and a dielectric constant of 2.2. Figure 9 shows the implemented broadband band-pass filter using values given in Table 2 in the Sparameters workspace of the ADS program, which has been formed using 15 microstrip transmission lines. Table 2 . Optimized values for the broadband band-pass filter given in [7] . After implementing the filter in the workspace of ADS, the structure of this filter is implemented on a substrate with a thickness of 0.787 mm and a dielectric constant of 2.2 and then the frequency response in the range of 0-7 GHz is simulated. Figure 10 shows the frequency response of the simulated filter in the (S 11 ) and insertion losses (S 21 ) in the range of 0-16 GHz. As can be observed in the frequency response of the filter simulated using ADS versus return losses (S 11 ) and insertion losses ( S 21 ) in the range of 0-16 GHz shown in Figure 10 , this filter has the first harmonic at about 7.5 GHz, which limits the stop-band of this filter and therefore this filter cannot be used for applications that require greater stop-bands.
Simulation of the structure of the broadband band-pass filter
As shown in Figure 11 , the structure of the band-pass filter includes a two-section SIR, in which the first section is similar to the first section of regular SIRs and the second section has two equal parallel branches. Figure 11 shows the structure of this resonator without a notch, which uses the combination of two transmission lines with a length of λ/4 as feed lines. Generally the structure combined with these feed lines will provide a wideband band-pass filter.
The optimized values of the broadband band-pass filter are given in Table 3 . As given in this table, the filter is divided into 6 transmission lines. Figure 12 shows another type of these kinds of band-pass filters with notches based on the optimized parameters, shown using the ADS program. After selecting the optimized values for the filter parameters, its structure is taken to the program workspace. Figure 13 shows the structure of the designed broadband band-pass filter in the workspace of ADS.
After implementing the filter in the workspace of ADS, the structure of this filter is implemented on a substrate with a thickness of 0.787 mm and a dielectric constant of 2.2 and the frequency response is simulated in the range of 0-16 GHz.
As observed in Figure 14 , this filter gives us a large bandwidth and also the group delay of this band-pass filter is constant in its pass-band. 
Ultrawideband band-notched band-pass filter
If the two band-pass filters in the block-diagram of Figure 15 (BPF1 and BPF2) are replaced with the resonators of Figures 11 and 12 , then an ultrawideband band-pass filter with a notch-band in its pass-band can be designed. The structure of the ultrawideband band-pass notch filter given in Figure 16 was transferred to the layout workspace. The the substrate of the filter was specified like the previous filter with a thickness of 0.787 mm and dielectric constant ε r = 2.56, and finally its frequency response was simulated in terms of transmission and return losses. Their plots are shown in Figure 17 . 
Reduced ultrawideband band-pass filter
As indicated in the aforementioned sections, one can design an ultrawideband band-pass filter with notched band using the proposed model. The proposed filter leads to a desirable solution; however, its size is still large. In this part, the size and volume of the band-pass filter is decreased by the use of a resonator, by folding the resonator, and by changing the coupling structure. Figure 18 depicts this ultrawideband band-pass filter with the proposed notch for size purposes in which the coupling structure is varied and the SIR is folded internally in order to reduce the size and volume.
Once this filter's structure is implemented in ADS, similar to the ultrawideband band-pass filter with notch in previous sections, this filter's structure is also optimized based on its parameters. Figure 19 shows the compact ultrawideband filter. After implementation of the filter, its performance is tested against scattering parameters, transferring loss, and returned loss. Figure 20 illustrates frequency responses related to both simulated and measured reduced ultrawideband band-pass filters with the proposed notch.
As shown from the comparison between simulated and measured frequency responses, these frequency responses correlate with each other very well. Comparison between the frequency responses of this filter and other filters that have been proposed in recent years [10, 11] shows its high performance.
Conclusion
In this paper, before simulating the filter, its structure was analyzed and the existence and location of transfer zeros were determined and presented. In the new structure it was shown theoretically that, using the transfer zeros, the frequency response of these filters and thus their selectivity can be improved. Moreover, the proposed resonator was improved and another type of this resonator was developed to create a stop-band or notch. According to the structure of these two resonators, a parallel structure was proposed and presented. Finally, using the resonators, a reduced ultrawideband band-notched band-pass filter was designed and proposed. The band-notch function was introduced to the filter response by employing a meander embedded open stub on the main resonator and without any increase in the size or price of the filter. The proposed filter is small, has a simple structure, and is easy to be fabricated. The measured results were in good agreement with the simulation predictions and reveal that the proposed filter is a good candidate for ultrawideband applications.
